The lack of direct targets for TATA-binding protein (TBP)-like factors (TLFs) confounds the understanding of their role in gene expression. Here we report that human TLF (also called TBP-related factor 2 [TRF2]) activates a number of different genes, including the neurofibromatosis type 1 (NF1) gene. The overexpression of TLF increases the amount of NF1 mRNA in cells. In vivo, TLF binds to and upregulates transcription from a fragment of the NF1 promoter. In vitro, purified TLF-TFIIA binds directly to the same NF1 promoter fragment that is required for TLF responsiveness in cells. Furthermore, targeted deletion of TLF in mice reduces NF1 levels. In contrast, TLF inhibits transcription driven by a fragment from the TATA-containing c-fos promoter by sequestering TFIIA. TBP affects the NF1 and c-fos promoters in a manner reciprocal to that of TLF, stimulating the c-fos promoter and inhibiting NF1 transcription. We conclude that TLF is a functional regulator of transcription with targets distinct from those of TBP.
TATA-binding protein (TBP) is a highly conserved and essential component in RNA polymerase I-, II-, and III-mediated transcription in eukaryotes (14, 35) . TBP binding is the rate-limiting step in transcription from TATA-containing but not TATA-less, class II promoters (5, 7, 22) . Although TBP was originally thought to be unique, homologs of TBP were recently identified. The first TBP-related factor (TRF1) is highly homologous to TBP and is found only in Drosophila (8) . It activates transcription from some of the same RNA polymerase II promoters that are activated by TBP (13, 15) but is also involved in transcription mediated by RNA polymerase III in vitro (39) . Various investigators identified a more distantly related member of the TBP family, TBP-like factor (TLF; also called TLP, TRF, TRF2, TRP, and STUD [GenBank accession number AF130312]) (2, 9, 18, 27, 29, 34, 40, 41) . TLF exists in many species, including Drosophila, Caenorhabditis elegans, Xenopus, zebra fish, chick, mouse, and human (see above and reference 27). A third protein, TRF3/TBP2, which is highly related to TBP, was recently identified (1, 33) .
The role of TLF in vertebrates is not well understood. Like TBP and dTRF1, TLF interacts with members of the basal transcription machinery (28, 34, 40) , but disagreement persists about the function of TLF, particularly with respect to its promoter interactions. Initial reports proposed that TLF binds to the TATA element and substitutes for TBP in transcription from TATA-containing promoters (23) . Subsequent findings suggested that TLF does not interact with the TATA box and in fact inhibits transcription from TATA-containing promoters in vitro and in vivo (26, 30, 34, 40) . These observations motivated the suggestion that TLF acts as a "false face" (26, 34, 40) . Recently, it was shown that TLF can stimulate transcription from transiently transfected reporter gene constructs containing a TATA-less promoter from either the mouse or the human terminal deoxynucleotidyl transferase genes (31) .
The function of TLF during development is also incompletely understood. Experiments with C. elegans, zebra fish, and Xenopus indicated that proper embryonic development requires functional TBP and TLF, although the two proteins affect different subsets of genes (9, 18, 27, 41) . Despite the high degree of amino acid conservation between Xenopus and mouse TLFs (Ͼ90% identity), TLF-deficient mice develop normally, exhibiting a deficit only in spermiogenesis, as far as has been determined (25, 43) .
Here we show that human TLF and TBP can affect gene transcription in reciprocal and opposite fashions. We identify a number of human genes whose expression is upregulated in response to TLF overexpression in vivo, including the neurofibromatosis type 1 (NF1) gene. NF1 is a tumor suppressor, and many of the symptoms of neurofibromatosis, which include café-au-lait spots, benign peripheral neurofibromas, and malignant plexiform neurofibromas, may result from haploinsufficiency at the NF1 locus (6) . We show that TLF binds to and increases transcription from a fragment of the NF1 promoter in vivo. In addition, we show that NF1 transcript levels are decreased in TLF knockout mice. Furthermore, affinity-purified TLF-TFIIA binds to an NF1 promoter fragment in vitro. The same sequence that is recognized by TLF-TFIIA in vitro is also sufficient for mediating TLF responsiveness of the NF1 promoter in vivo. In contrast, TBP does not bind to the NF1 promoter in cultured cells, and transcription from an NF1 promoter fragment is inhibited by TBP overexpression. Moreover, TBP stimulates transcription from the c-fos promoter, while TLF inhibits c-fos transcription by sequestering TFIIA. Thus, TBP and TLF regulate the NF1 and c-fos promoters in a reciprocal manner.
MATERIALS AND METHODS
Transfections. Transfections of HEK-293 and COS-7 cells were performed by using either 100-mm dishes or six-well plates with matched controls. HEK-293 cells were transfected with Lipofectamine 2000 (Invitrogen) 24 h after being split 1:4. Cells were harvested 40 h after transfection. Nonfusion protein constructs of TLF and TBP were expressed in pTracerCMV-2 (Invitrogen). The TLF construct included the 5Ј untranslated region (UTR) of the TLF gene to increase expression levels. Transfection efficiency was monitored on the basis of green fluorescent protein (GFP) production. 3T3 cells were transfected by using a Nucleofector device (Amaxa) in accordance with the manufacturer's protocol. Subcellular localization. Cells on glass coverslips were cotransfected with the entire coding sequence for human TLF and human TBP subcloned in frame into pEGFP-C2 (Clontech). pRFP-N1 was used for cotransfection (Clontech). Images were obtained with a Zeiss LSM 410 inverted confocal microscope. To verify that TLF was in the nucleus, a number of cells were stained with Hoescht 33342 (Molecular Probes).
Antibodies. The polyclonal anti-TLF antibody was made against a peptide representing amino acids 178 to 186 (Zymed) and was used at a 1:200 dilution for Western blotting. The monoclonal anti-TBP antibody (Santa Cruz) was also diluted 1:200. The anti-TFIIB antibody (Promega) was used at a dilution of 1:500 for Western blotting. The anti-GFP polyclonal antibody (Molecular Probes) was diluted 1:1,000 for Western blotting. Four micrograms was used for each plasmid immunoprecipitation (PIP) sample. The polyclonal anti-TFIIA antibody (Santa Cruz) was used at a 1:200 dilution.
Western blotting. Tissue from adult male mice was frozen on dry ice and lysed with 1% Triton X-100. The DNA was subsequently sheared by passage through a 27-gauge needle. Samples were normalized with a bicinchoninic acid (BCA) protein assay (Pierce) and subsequently electrophoresed on Nu-PAGE 4 to 12% polyacrylamide gels (Invitrogen).
Gene chip analysis. Two 150-mm dishes of HEK-293 cells transfected with either pTracer-CMV2 or pTLF-Tracer-CMV2 were harvested with 1.5 ml of Tri-Reagent (Sigma). Isolated RNA was resuspended in nuclease-free water, quantified spectrophotometrically, and stored at Ϫ80°C. Approximately 24 g of RNA was mixed with a d(T)24-T7 (GenSet) primer and reverse transcribed with SuperScript II reverse transcriptase (Invitrogen). Second-strand cDNA synthesis was performed, and the resulting double-stranded cDNA was subsequently purified. One-half of the purified, double-stranded cDNA served as the template for a MegaScript (Ambion) reaction which incorporated biotin-11-CTP and biotin-16-UTP into the cRNA (Sigma). The cRNA was purified by using an RNeasy kit (Qiagen). The purified cRNA was fragmented in accordance with the Affymetrix protocol, and Affymetrix Hu35K gene chips were screened.
PIP. Cells were transfected for PIP with a plasmid containing a GFP, TBP-GFP fusion, or TLF-GFP fusion construct and pNF1-CAT. At 40 h after transfection, cells were harvested, cross-linked with 1% formaldehyde for 10 min at room temperature, rinsed with PBS, collected by centrifugation, and suspended in PBS containing 1% NP-40. Vigorous vortexing and sequential passages through 18-and 22-gauge needles disrupted the cells. Multiple passages through a 27-gauge needle sheared the DNA. Cells were diluted with 0.1% NP-40, and the debris was pelleted. Lysates were incubated with protein G-protein A-agarose beads that had been precoated with an anti-GFP polyclonal antibody for 2 h at room temperature. Beads were collected by centrifugation and washed with PBS containing 0.1% NP-40 and 0.05% sodium deoxycholate. The DNA was released by treatment with proteinase K followed by phenol-chloroform extraction and ethanol precipitation. The DNA then was used as a template for PCR with primers designed on the basis of the NF1 promoter (ATCGGAGGTCGT GTACCTTAT and GCGATCCTCCTGGAGGTGACGT). M13 forward and reverse primers were used to amplify sequences from pfosCAT. PCR products were resolved on agarose gels.
Primer extension assays. The reverse primer (AAAAGCGATCCTCCTG GAG; positions 328 to 346 of the pNF1-CAT construct) was labeled with T4 polynucleotide kinase (New England Biolabs) and [␥-32 P]ATP and used for primer extension analyses. A 100-g sample of total RNA was used for the determination of endogenous start sites. When cells were transfected with the pNF1-CAT construct, 15 g of total RNA was used. After the labeled primer was mixed with the RNA samples, the samples were heated to 58°C for 20 min and then slowly cooled to 42°C, and SuperScript II reverse transcriptase was added. Reaction mixtures were incubated for 50 min at 42°C, diluted with formamide loading buffer (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol F F ), and electrophoresed on 6% acrylamide-Tris-borate-EDTA (TBE)-urea sequencing gels. The start sites were verified by primer extension with two additional primers (CGGCCTCCGGGTTTGGATTGC and AGCATCCACTCCCATCCC).
Chloramphenicol acetyltransferase (CAT) assays. HEK-293 cells were transfected with 6 g of expression plasmid, 1 g of reporter plasmid, and 1 g of pAdvantage (Promega) in 100-mm plates. The NF1 reporter construct (pNF1-CAT) consisted of a 350-bp fragment of the published promoter sequence containing the putative start sites subcloned into pCAT3-Basic (see Fig. 6 ). Constructs used for deletion analysis were generated by PCR and were also subcloned into pCAT3-Basic. The c-fos reporter construct contained positions Ϫ75 to 109 of the 5Ј-flanking region (3). TLF N37Y -GFP was made by sitedirected mutagenesis by using a QuikChange system (Stratagene) to change asparagine 37 of TLF-GFP to a tyrosine. The coding sequences for TFIIA ␣, ␤, and ␥ were obtained by PCR and subcloned into pBudCE4.1 (Invitrogen). For transfection with excess TFIIA, 1 g of reporter, 1 g of pAdvantage, 3 g of TFIIA-Bud, and 3 g of TLF-GFP or TBP-GFP were used.
At 40 h after transfection, cells were rinsed with PBS, scraped into 500 l of 50 mM Tris-HCl (pH 7.5), and lysed by three freeze-thaw cycles. Samples were heated to 65°C for 10 min to inactivate endogenous acetylases. Insoluble material was subsequently pelleted, and the protein concentration of the soluble portion was determined with a BCA protein assay. CAT activity was measured by using a FAST-CAT deoxy-green kit in accordance with the manufacturer's instructions (Molecular Probes). CAT activity was quantified by fluorometry with a Storm system (Molecular Dynamics).
RNase protection assays with transfected cells. RNase protection assays were performed by using a HybSpeed RPA kit (Ambion) in accordance with the manufacturer's instructions. Briefly, nonradioactive probes were synthesized to correspond to a portion of the 3Ј UTR of the NF1 message and control plasmid pTri-Actin (Ambion) by using T7 RNA polymerase in the presence of biotin-14-CTP and biotin-16-UTP. The purified probes were coprecipitated with 50 g of RNA isolated by using Tri-Reagent from HEK-293 cells transiently transfected with either pTracer-CMV2 or TLF. Control tubes contained probes mixed with yeast RNA. The reaction mixtures were resuspended in 10 l of HybSpeed buffer, incubated at 95°C with vigorous vortexing for 2 min, and incubated at 65°C for 10 min. After digestion with RNase A/T 1 , the reaction mixtures were precipitated and electrophoresed on 6% acrylamide-TBE-urea gels. After electrophoresis, the products were transferred to positively charged nylon membranes by electroblotting. Signals were detected by using a BrightStar Biodetect kit (Ambion). Images were captured on X-ray film.
RNase protection assays with TLF ؊/؊ mice. RNase protection assays were performed by using an RPA III kit (Ambion) in accordance with the manufacturer's instructions. Briefly, radioactive probes were synthesized to correspond to a portion of the 3Ј UTR of the NF1 message and control plasmid pTri-Actin by using T7 RNA polymerase in the presence of [␣-
33 P]UTP. The purified probes were coprecipitated with 20 g of total RNA from the brains of either TLF ϩ/ϩ or TLF Ϫ/Ϫ juvenile male mice. TLF Ϫ/Ϫ mice were created in the strain SV129 background and backcrossed to the strain C57BL/6 background as previously described (43) . Control tubes contained probes mixed with yeast RNA. The reaction mixtures were resuspended in 10 l of hybridization buffer, incubated at 95°C for 4 min, and cooled to 42°C. Hybridization proceeded overnight. After digestion with RNase A or T 1 , the reaction mixtures were precipitated and electrophoresed on 6% acrylamide-TBE-urea gels. The gels were dried, and signals were detected by using a Storm system PhosphorImager (Molecular Dynamics).
Gel shift assays. Digestion of a construct consisting of a 350-bp fragment of the published NF1 promoter (see Fig. 6 ) subcloned into pCRII-TOPO (Invitrogen) (pNF1-TOPO) with EcoRI yielded a 350-bp fragment that was purified from a 1% agarose gel. The 103 5Ј-most nucleotides of the NF1 promoter present in pNF1-TOPO (the promoter 1-103 promoter fragment) was amplified by PCR and subcloned into pCRII-TOPO. The 1-103 promoter fragment was excised by using EcoRI and isolated on a 1% agarose gel. To generate radiolabeled probes for electrophoretic mobility shift assays (EMSAs), we added [␣- 33 
RESULTS
Tissue and subcellular distributions of TLF. We identified human TLF by screening the human expressed sequence tag database with a sequence corresponding to the C-terminal half of TBP. As reported previously (29, 34, 40) , Northern blot analysis revealed that TLF mRNA is expressed at moderately low levels ubiquitously and at high levels in the testes. The high levels of expression in the testes were reported to be from a testis-specific TLF transcript (38, 40) . To determine the protein distribution, we made a polyclonal antipeptide antibody against the C-terminal region of TLF. This antibody recognizes both bacterially expressed TLF and epitope-tagged TLF in mammalian cells. In protein extracts from mouse tissues, the antibody recognized a 21-kDa band; this mass corresponds to the predicted molecular mass of TLF. The addition of excess peptide blocked this interaction (data not shown).
When multiple mouse and human tissues were probed on Western blots, a significant disparity between RNA and protein levels was apparent. TLF protein was expressed at the highest levels in the mouse liver and pancreas (Fig. 1A) , and strong reactivity in the heart was seen at a slightly higher molecular mass. Longer exposures revealed a band in brain tissue corresponding to 21 kDa. This distribution differs from that reported by Perletti et al. (32) , who observed a very high level of TLF protein in brain tissue. The differences in these results may be attributed to different solubilization conditions and normalization procedures.
The distinctive TLF mRNA and protein distribution patterns indicate a high degree of posttranscriptional regulation. Posttranscriptional regulation, particularly obvious in the testes, is a feature of several basal transcription machinery proteins (10, 32, 36, 37) . A comparison of our Western blot results with previously published data on the distribution of TBP indicates that the ratios of TBP to TLF vary from tissue to tissue. Western blot analysis of various human cell lines confirmed that the amounts of TLF and TBP varied with respect to one another, while the amounts of TFIIB were relatively constant (Fig. 1B) .
Since our antibody does not recognize TLF in its native form, we used eGFP fusion constructs to determine the localizations of TLF and TBP in living, nonpermeabilized cells. TLF-GFP (Fig. 1D , G, H, and J), eGFP ( Fig. 1C) , GFP-TBP (Fig. 1E, F, and I) , and red fluorescent protein (RFP) (Fig. 1D) were introduced into HEK-293 cells (Fig. 1C and D) and COS-7 cells (Fig. 1E to J) . While GFP and RFP did not localize to any particular subcellular organelle (Fig. 1C and D) , the TLF-GFP fusion localized to the nucleus in greater than 99% of the cells (Fig. 1D) . Strikingly, TLF-GFP associated strongly with nucleoli (Fig. 1D , G, H, and J) in HEK-293 cells and even more noticeably in COS-7 cells. Similar results have been obtained with HeLa and COS-1 cells and an anti-TLF antibody (19) . In contrast, 3T3 cells did not sequester TLF-GFP in nucleoli. In fact, diffuse TLF-GFP fluorescence could be seen throughout transfected cells (unpublished data [see http:// clapham.tch.harvard.edu/publications.html]). As observed with FLAG-tagged TLF (19) , TLF-GFP was expressed very poorly in 3T3 cells. These observations, together with the finding that native TLF is undetectable in 3T3 cells, suggest that TLF is subject to significant posttranscriptional regulation.
Like native TBP (17), TBP-GFP is extranucleolar in HEK-293, COS-7, and 3T3 cells. However, mild detergent treatment dramatically altered its localization. After 10 min of incubation with 0.2% Triton X-100 (reported to allow TBP visualization in the nucleolus) (17), TBP-GFP filled the entire nucleus, including the nucleolus (data not shown). This treatment did not change the distribution of TLF-GFP. TLF-GFP persistently localized to the nucleolus even during cytokinesis. Nucleoli of TLF-GFP-transfected cells rapidly recovered from photobleaching, indicating that TLF-GFP readily accesses this compartment (data not shown). Interestingly, recent reports indicated that the nucleolar localization of TLF is dependent on the presence of RNA and active polymerase I (19) . The differential localizations of TLF and TBP in the nucleus indicate that they may fulfill different functions and highlight the possibility that TLF may regulate the transcription of rRNA. Since the subcellular localization of TLF depends on the cell type, TLF functions may differ between tissues.
Identification of TLF targets. To determine whether TLF regulated a unique subset of genes within cells, we screened Affymetrix Hu35K gene chips representing approximately 35,000 different human expressed sequence tags. We probed the chips with biotinylated cRNA made from HEK-293 cells that tran- (26, 40) , we focused on genes that were upregulated. TLF overexpression increased the abundance of 125 (ϳ0.35%) of the transcripts represented on the chips by more than threefold. This value is likely to be a significant underestimate of TLF-regulated genes because the criteria used to determine upregulation were stringent. In addition, the concentration of TLF may not be the rate-limiting step in transcription from promoters that contain silencer-or repressor-binding sites. We verified the upregulation of a number of targets, including NF1 ( Fig. 2A) , jumonji (data not shown), and ACF7 (data not shown), by RNase protection assays. We chose the NF1 promoter as a model to test the activity of TLF because it had been previously characterized (11, 12) and because its regulation has clinical significance (6) .
Primer extension assays showed that TLF stimulates transcription from the NF1 gene without altering its start sites (Fig.  2B) . Unlike alternate TBPs in Drosophila that upregulate their targets from a subset of transcriptional start sites (13, 15) , TLF displayed no obvious preference for start sites (its overexpression increased the expression of all transcripts to similar degrees). Comparison with a sequencing ladder indicated multiple transcriptional start sites (see Fig. 6A ), a finding which is not uncommon for promoters that lack a TATA box (42) . Interestingly, the start sites that we observed in HEK-293 cells differed from those reported for the brain (12) , suggesting that tissue-specific factors lead to differential utilization of the NF1 promoter or promoters.
We subcloned a 350-bp fragment of the NF1 promoter into pCAT3-Basic and sought to determine whether the resulting reporter construct (termed pNF1-CAT) effectively mimicked the endogenous gene. Primer extension assays showed that this reporter gene construct utilized the same transcriptional start sites as the endogenous NF1 gene (Fig. 2C) . In addition, TLF stimulated transcription from this promoter in a manner analogous to that of the endogenous gene, suggesting that pNF1-CAT is an appropriate model of promoter function.
We subsequently used PIP assays to test whether TLF upregulated NF1 transcription by binding to the NF1 basal promoter (Fig. 3A) . This technique is a modified form of the chromatin immunoprecipitation technique that allows more specific determination of the TLF-NF1-binding site (21) . HEK-293 cells were cotransfected with TLF-GFP, TBP-GFP, or parental enhanced GFP (eGFP) and pNF1-CAT. Treatment with 1% formaldehyde cross-linked protein to plasmid DNA; GFP-containing complexes were isolated by immunoprecipitation. From these immunoprecipitates, we were able to amplify the NF1 sequence when cells were transfected with TLF-GFP but not from samples containing either eGFP or TBP-GFP (Fig. 3C) . We confirmed the expression of eGFP, TBP-GFP, and TLF-GFP by Western blotting with an anti-GFP antibody (Fig. 3B) . pNF1-CAT was present in all inputs to the assay (Fig. 3C) . We conclude that TLF-GFP but not TBP-GFP interacts with this fragment of the NF1 promoter. In contrast, the TATA-containing c-fos promoter coimmunoprecipitated with TBP-GFP but not TLF-GFP (Fig. 3D) .
Reciprocal regulation of the NF1 and c-fos promoters by TBP and TLF. Hypothesizing that TLF binding limits the rate of transcription from the NF1 promoter, we transfected pNF1-CAT into HEK-293 cells with GFP, TLF-GFP, or TBP-GFP. Compared to the results obtained with GFP alone, cotransfection with TLF-GFP increased the amount of CAT reporter activity from pNF1-CAT in a dose-dependent manner. At the highest concentration of DNA, TLF-GFP caused a fourfold increase in CAT activity compared to that obtained with GFP alone (n ϭ 6) (Fig. 4A) . To determine whether TLF-mediated stimulation of the NF1 promoter was specific, we introduced TBP-GFP into cells with the pNF1-CAT construct. Surprisingly, TBP-GFP overexpression decreased transcription from the NF1 promoter in a dose-dependent manner, with the highest plasmid concentration leading to more than fourfold repression (n ϭ 6) (Fig. 4B) . Since even low levels of TBP produced an inhibitory effect, it is unlikely that the observed inhibition was a result of squelching. Nonfusion protein versions of TLF and TBP yielded identical results. TBP-GFP-mediated stimulation of both the SV40 and the human c-fos promoters confirmed that this construct was functional (data not shown) (see Fig. 7 ). To assess the in vivo significance of TLF regulation of NF1 transcription, we compared the levels of NF1 transcripts in the brains of TLF Ϫ/Ϫ mice (43) to those in their wild-type littermates. RNase protection assays revealed that TLF Ϫ/Ϫ mice expressed 30% less NF1 transcripts than wild-type control mice (n ϭ 3) (Fig. 5) .
In order to better define the sites within the NF1 promoter that were required for the TLF-mediated upregulation of NF1 transcription, we performed NF1 promoter deletion analysis. A fragment containing bases 1 to 103 of pNF1-CAT was necessary and sufficient for TLF-mediated activation of NF1 tran- VOL. 25, 2005 TLF IS A FUNCTIONAL REGULATOR OF TRANSCRIPTION 2637 scription (Fig. 6B ). This finding agrees well with our finding that TLF stimulates transcription from a group of start sites contained within this fragment (Fig. 6A) .
To determine whether TLF also binds to the NF1 promoter in vitro, we performed EMSAs. For that purpose, we used a TLF protein preparation immunopurified from a HeLa cell line that stably expresses FLAG-tagged TLF (unpublished data [see http://clapham.tch.harvard.edu/publications.html]) (40) . As previously reported (40) , TLF copurifies with approximately stoichiometric quantities of the general transcription factor TFIIA. In the EMSAs, TLF specifically bound to a radiolabeled probe corresponding to the 350-bp promoter fragment from pNF1-CAT. Consistent with our deletion analysis, a 10-fold molar excess of unlabeled 1-103 promoter fragment abolished this interaction. In contrast, a 10-fold excess of the promoter fragment spanning nucleotides 103 to 350 did not affect retardation on the gel (data not shown).
To further delineate the TLF-binding site, we created four double-stranded oligonucleotides that covered positions 1 to (Fig.  6C) . Unlabeled oligonucleotide 1 also significantly reduced but did not eliminate this shift. The results of these binding experiments suggest the existence of multiple binding sites for TLF within the 1-103 promoter fragment. The presence of multiple binding sites for TLF is consistent with the large number of start sites that we observed. TLF-TFIIA also effectively retarded the migration of radiolabeled oligonucleotide 3 (Fig.  6D ). Recombinant TFIIA in the absence of TLF had no effect on the mobility of this oligonucleotide. These findings suggest that the 24-bp sequence of oligonucleotide 3 is sufficient for TLF-TFIIA binding. In addition, TLF interacts with the same portions of the NF1 promoter in vivo and in vitro. TLF expression and TBP expression affect the TATA-containing c-fos promoter in a reciprocal manner. As expected (5, 7, 26) , the overexpression of TBP-GFP more than doubled CAT activity from the basal c-fos promoter. In contrast, transfection with TLF-GFP decreased the rate of transcription from the c-fos promoter in a dose-dependent fashion (Fig. 7) , consistent with a repressive function for TLF in transcription from a TATA-containing promoter (26, 31, 40) .
The reports cited above also showed that in vitro TLF- mediated inhibition could be overcome by the addition of excess TFIIA. To determine whether competition for TFIIA also inhibited TBP-regulated promoters in vivo, we mutated a single amino acid of the proposed TFIIA-binding site in TLF (TLF N37Y ) (Fig. 8A) . We chose to mutate this site based on its sequence similarity to the TFIIA-binding site in TBP (4). TLF N37Y -GFP and TLF-GFP had similar expression levels (Fig. 8C) , and both localized to the nucleolus (Fig. 8B) . To determine whether TLF N37Y was deficient in binding to TFIIA, we performed coimmunoprecipitation experiments with an anti-GFP antibody. As expected, TFIIA coimmunoprecipitated with TLF-GFP but not TLF N37Y -GFP. Interestingly, TLF-GFP stably associated with p55, the uncleaved precursor of TFIIA ␣ and ␤, as well as the cleaved ␣ subunit (Fig. 8D and E) . TLF N37Y was much less effective than TLF in inhibiting the c-fos promoter (Fig. 8F ) and failed to stimulate the NF1 promoter (data not shown). Additionally, the overexpression of TFIIA alleviated the TLF-mediated inhibition of c-fos transcription (Fig.  8F) . The simplest interpretation of these results is that TLF sequesters TFIIA to inhibit TBP-mediated transcription.
Mutating the TFIIA-binding site in TBP dramatically decreased transcription from the c-fos promoter and decreased cell viability. In contrast to TFIIA's abolishment of TLF-mediated repression, overexpression of TFIIA did not relieve TBP-mediated repression of pNF1-CAT. This result may suggest that TBP competes with TLF for a factor other than TFIIA.
Our results suggest that TLF is not simply a false face but is a functional activator of transcription both in vitro and in vivo. However, TLF can inhibit transcription from promoters driven by TBP, and TBP can inhibit transcription from TLF-driven promoters.
DISCUSSION
In this study, we identified genes that are positively regulated by TLF/TRF2. We analyzed the regulation of the NF1 promoter by TLF and found that TLF and TBP play antagonistic roles in regulating transcription from this promoter. This finding shows that basal transcription factors such as TBP or TLF not only are involved in executing transcriptional programs determined by gene-specific activators but also are themselves gene-selective factors that are involved in the generation of transcriptional specificity.
Our results show that human TLF is a functional transcription factor that activates RNA polymerase II transcription from a subset of promoters. TLF increases transcription from the endogenous NF1 promoter from the same major start sites as those naturally used in vivo. TLF also binds to and increases the rate of transcription from an NF1 promoter-dependent reporter construct. Purified TLF-TFIIA binds to the NF1 promoter in vitro, and TLF-GFP associates with an NF1 promoter fragment in vivo. In addition, TLF Ϫ/Ϫ mice show significantly reduced levels of NF1 transcripts. The remaining NF1 transcripts may arise from initiator-dependent transcription or from an alternate promoter that does not require TLF. At present there is no evidence for an alternate promoter in the NF1 gene, but the gene is large (ϳ300 kb), and there are several known splice variants. Despite reduced levels of NF1 mRNA, TLF Ϫ/Ϫ mice do not have a propensity for tumor formation, as do mice heterozygous for NF1 (16) . The increased tumor formation rate in NF1 heterozygotes is a subtle phenotype (75% of heterozygotes and 15% of wild-type mice developed tumors over 27 months) (16) . TLF Ϫ/Ϫ mice were generally sacrificed after 12 months, and it is possible that an increased tumor formation rate went unnoticed. Alternatively, this apparent discrepancy might have been the result of the complexities of tumorigenesis. Approximately half of the tumors isolated from animals heterozygous for NF1 deletion had also lost the wild-type NF1 allele (16) , consistent with the two-hit model of inactivation of tumor suppressor genes (16, 20) . Even if one copy of the gene had been inactivated, some NF1 still would have been produced in TLF Ϫ/Ϫ mice. It is possible that this low level of NF1 would have been sufficient to prevent tumor formation. Finally, it is possible that the decrease in NF1 transcript levels did not result in a decrease in neurofibromin protein levels in vivo.
In contrast to TLF, TBP does not bind to the NF1 promoter but does inhibit its transcription. For c-fos, TBP and TLF affect the TATA-containing promoter in a reciprocal manner: TBP increases c-fos promoter transcription, while TLF decreases transcription from this promoter. These findings are summarized in a model in which TLF and TBP compete for TFIIA and probably other general transcription factors (Fig. 8G) . According to this model, TLF may bind to cognate promoter sequences and mediate the formation of a functional transcription initiation complex. We propose that TLF is a positively acting RNA polymerase II transcription factor. Also consistent with the model is a function for TLF in a promoter-bound form, or exerted independently of cognate promoter sequences, in which TLF competes with TBP for the association with other general transcription factors. The latter model, also referred to as the false-face hypothesis, may explain the ability of TLF to repress transcription from TBP-dependent promoters by competing for binding to TFIIA or other general transcription factors. Although it seems likely that TLF functions as a basal transcription factor given its similarity to TBP and its constitutive association with TFIIA, we cannot exclude the possibility that TLF acts as a specific activator of TATA-less promoters.
TBP and TLF protein levels are not correlated in many cell types (Fig. 1A and B) (32) . In contrast to what was observed for TBP, we observed the highest levels of TLF protein in the liver and pancreas. Both TLF and TBP were expressed at low levels in the brain. The ratios of TLF to TBP differed in HeLa, TLF N37Y -GFP, indicating that the mutation disrupted TFIIA-TLF interactions (E). Interestingly, the uncleaved p55 product (TFIIA ␣ and ␤) was also efficiently immunoprecipitated with TLF. (F) Repression of the c-fos reporter by TLF-GFP, TLF N37Y -GFP, GFP plus TFIIA, and TLF-GFP plus TFIIA. The addition of excess TFIIA or mutation of the TFIIA-binding site of TLF alleviated the TLF-mediated inhibition of c-fos reporter gene activity. Error bars indicate the standard error of the mean (n ϭ 6, 5, 3, and 5, respectively, from left to right). (G) Model for TLF function. TLF and TBP bind to the NF1 and c-fos promoters, respectively. In the model, TLF competes with TBP for TFIIA, thus inhibiting TBP-responsive promoters. TBP competes with TLF for an undetermined general transcription factor (GTF) to inhibit TLF-responsive promoters.
VOL. 25, 2005 TLF IS A FUNCTIONAL REGULATOR OF TRANSCRIPTION 2641 HEK-293, and SK-N-SH human cell lines (Fig. 1B) . These distinct expression patterns suggest that TLF and TBP may regulate distinct sets of genes.
In support of distinct roles for TLF and TBP in vivo, a large proportion of TLF-GFP strikingly localized to the nucleolus, while the majority of TBP-GFP was in the nucleus outside the nucleolus. The subcellular localization of TLF-GFP was cell type dependent, indicating that TLF likely serves different functions in different cells. The nucleolar localization of TLF in HEK-293 and COS-7 cells may indicate a function for TLF within the nucleolus such as RNA polymerase I transcription. Previous findings showed that TBP is associated with SL1 and rRNA transcription and that the majority of TBP is extranucleolar (reviewed in references 14 and 35) . Further research will clarify whether TLF also participates in transcription by RNA polymerase I.
We have demonstrated that TLF-mediated repression of the c-fos promoter depends on TLF limitation of TFIIA availability. As suggested by the false-face hypothesis, TLF binds to TFIIA to decrease the amount of TFIIA available for TBP binding and thus indirectly regulates the c-fos promoter. Mutation of the TFIIA-binding site on TBP led to a significant decrease in the transcription of all reporter constructs tested, showing that the disruption of TBP-TFIIA interactions results in reduced transcription of a large majority of genes and in reduced cell viability. For the NF1 promoter, repression by TBP cannot be overcome by the addition of excess TFIIA. This finding indicates that TBP competes with TLF for the binding of another basal transcription factor, a transcriptional coactivator, or a transcriptional activator other than TFIIA. 
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